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Abbreviations {#nomen0010}
=============

AIMS

:   Alberta Air Infiltration Model

APP

:   Appliances upgrade

ATH

:   Advance tech home

BC

:   British Columbia

BES

:   Building energy simulation

DHW

:   Domestic hot water upgrade

dLL~30~

:   Change in life cycle cost over 30-year period

EPU

:   Energy performance upgrades

FN

:   Foundation wall upgrade

GHG

:   Greenhouse gas emission (kgCO~2~-eq.)

HVAC

:   Heating, ventilation and air conditioning

IC

:   Initial capital costs

ICF

:   Insulating concrete foam

ILM

:   Intrusive load monitoring

LED

:   Light emitting diode

MBE

:   Mean Bias Error

MCDM

:   Multi-criteria decision making

OB

:   Occupant behavior

PBT

:   Payback time

PV

:   Solar photovoltaic system

RF

:   Roof insulation upgrade

RMSE

:   Root Mean Square Error

SFDH

:   Single-family detached home

STH

:   Standard home

TOPSIS

:   Technique for order preference by similarity to an ideal solution

WL

:   Wall insulation upgrade

WN

:   Window upgrade

1. Introduction {#sec1}
===============

Globally, the building sector is responsible for consuming 40% of all primary energy and is a major contributor to Greenhouse Gas (GHG) emissions ([@bib48]). Residential buildings alone are responsible for 17% of the total end-use energy and produce 14% of the national GHG emissions ([@bib76]). The use of energy performance upgrades (EPU) can effectively reduce energy use and GHG emissions in buildings ([@bib4]). In addition to providing energy efficiciny benefits, EPUs can improve thermal comfort ([@bib5]; [@bib66]), indoor air quality ([@bib19]; [@bib53]) and health of the occupants ([@bib97]). At urban and national scales, EPUs in buildings can impact the efficiency and effectiveness of energy policies and help in reducing energy poverty ([@bib111]). Similarly, carefully implemented EPUs can increase buildings' energy flexibility and pave path for successful deployment of demand response and smart grid programs ([@bib62]).

EPUs include improvement in buildings' envelope characteristics, use of energy-efficient equipment and appliances, use of renewable energy systems and change in occupant behavior. EPUs can be selected based on a reduction in energy and GHG emissions evaluated through Building Energy Simulation (BES) models ([@bib20]). However, a number of studies have shown that energy savings predicted through BES do not always translate into actual savings ([@bib13]; [@bib64]). In order to make informed decisions, it is essential that BES models represent realistic energy use for evaluating EPUs; hence, achieve the desired energy and GHG mitigation targets.

1.1. Occupant behavior (OB) {#sec1.1}
---------------------------

A growing body of literature recognizes occupant behavior (OB) as the major reason for a gap between actual and simulated energy use of a building ([@bib16]; [@bib103]). OB is a major area of interest within the field of building energy performance. OB includes occupancy period, occupant movement and their interactions with the buildings' systems and appliances ([@bib113]).

Literature indicates that ignoring the impacts of actual OB can result in an over prediction of savings from the energy upgrades. [@bib28] examined impacts of OB in energy simulations results for a commercial building in Spain. In this research, data collected through surveys was used to generate occupancy number, times and operation schedules of lighting and equipment. It was found that upgrading default energy model with occupant data alone can yield up to 30% difference in energy use compared to the default settings ([@bib28]).

Detailed monitoring studies further affirm the significance of OB for obtaining realistic BES results. [@bib9] performed a comparative study on nine identical homes using monitored data of electricity generation and consumption from photovoltaics. Influence of occupants' awareness regarding energy use behavior, energy tariffs, subsidies and time of usage of appliance were considered for generating energy load profiles. Their results show that occupants' behavior is responsible for energy consumption differences which can be as high as 80% for certain months (particularly for July and December) of the year. Similar impacts from OB for energy models results were shown by [@bib96] study on 12 Canadian homes. Analysis of the monitored data illustrated that HVAC energy use difference with consideration of OB is doubled even for homes with same vintage, sizes and number of occupants.

Motuziene and Vilutiene (2013) investigated the impact of four different occupancy profiles on heating, HVAC auxiliary (fans and pumps in HVAC system) and lighting loads, for residential building in Lithuania. The study showed that compared to default occupancy (family of four) present in BES tool, the three new realistic occupancy profiles (household with the working couple; a household with retired couple; and a household with two working adults and 2 school going children) yield notable variation in energy consumption. Occupancy profiles affected all three energy loads but the highest variation of 27% was observed for the heating loads.

[@bib26] determined the energy consumption difference in measured and simulated model for a campus building in Plymouth, United Kingdom. [@bib26] study also considered the impact of uncertainties possible in measurement and prediction. The results showed that energy model results over predicted gas consumption by 5% while under predicted electricity up to 30%. These and similar studies highlight the significance of OB impact on energy calculations. Similarly, in order to select EPUs for buildings, the impacts of OB need to be incorporated in BES models.

1.2. Energy monitoring studies on residential buildings {#sec1.2}
-------------------------------------------------------

Residential buildings consume a significant portion of energy and hence are an important focus of energy-saving policies and programs. New residential buildings, in particular have a higher potential for energy efficiency improvement ([@bib1]), and are used for meeting higher carbon mitigation targets. Studies have also shown that larger savings from energy-saving programs are possible if they are tailored to different household groups ([@bib36]). In the same vein, there is an urgent need to reduce uncertainties associated with OB in order to achieve comfortable indoors ([@bib67]). In contrast to commercial buildings, there is much less information about the effects of OB in residential buildings ([@bib27]). To date, there are few studies that have used monitored data to generate energy model for low-rise residential buildings ([@bib27]; [@bib60]); and consequently, a limited understanding of the impacts of OBs on EPU selections.

In Canada, energy monitoring studies on residential buildings have mostly focused on old buildings constructed prior to implementation of the current more stringent building energy codes, such as NECB-2015, BC Energy Step Code 2017. [@bib96] focused on residential buildings in Ottawa, Ontario constructed between the 1930s and 1990s. A recent energy-monitoring study on Gemini home, Toronto, Ontario is performed on a retrofitted home originally constructed in 1879 ([@bib94]). Other studies have generated energy models based on data collected through interviews and surveys ([@bib23]; [@bib75]). Results from survey studies are able to present impacts of OB on energy use but are not good at predicting energy savings due to EPUs ([@bib90]; [@bib104]).

Degree of accuracy of BES can be determined through calibration process ([@bib88]). In regard to EPUs performance, measurement and verification (M&V) protocols define procedure and calibration limits for BES validation ([@bib93]). Most common metrics used for checking calibration are Mean Bias Error (MBE), Normalized Mean Bias Error (NMBE), Root Mean Square Error (RMSE), and Coefficient of Variation of Root Square Mean Error CV (RMSE) ([@bib17]). Despite the presence of advanced sensors, monitoring systems and calibration metrics, there are limited studies that have used data-driven calibration models for single family homes. Majority of the research on BES calibration has been focused on office buildings ([@bib98]) or multi-unit residential buildings ([@bib24]; [@bib37]). [@bib61] work focused on designing comfortable indoors through incorporation of energy efficiency measures for a single family house in Pakistan. Data from a questionnaire survey and monitoring of house temperature and humidity was used to calibrate model in EnergyPlus. Two metrics, NMBE and CV (RMSE) for hourly data, were considered for calibration ([@bib61]). [@bib38] developed calibrated model in eQuest tool for low-income housing through 2-year utility energy use data, energy auditing and indoor temperature monitoring. The results from calibrated model were used to select retrofits for the housing units. They used MBE and RMSE thresholds for monthly data. Same metrics were used by [@bib89] for calibrating residential buildings in Dubai. They used one-year utility data and results of BES model constructed with DesignBuilder tool. These and similar studies indicate necessity of having more monitored studies that show the influence of occupant behavior on energy use and consequent impact on EPUs performance.

1.3. Paper contribution {#sec1.3}
-----------------------

The main objective of this study is to investigate the possibility of catering to the energy demand of a new residential building according to expected occupant behavior (specifically occupancy profile) and compare energy performance upgrades that can reduce this energy demand. To meet this objective, a decision support framework is developed that ranks the best energy performance upgrades for a specific occupancy profile. The framework is demonstrated for two single-family residential buildings as a case study in Canada. In particular, this paper (1) develops calibrated models using one-year monitored data for predicting energy use associated with individual occupancy profile; (2) applies the calibrated model to evaluate various energy upgrade options to generate savings in energy costs, payback time (PBT) and reduction in GHG that provides a holistic view, and lastly (3) enables prioritization of different upgrades through application of Technique for order preference by similarity to an ideal solution (TOPSIS) ([@bib47]) with a variable weighting scale to enable flexibility in defining user preferences.

This study provides an important opportunity to advance the understanding of the impacts of occupancy profiles through the use of detailed monitored energy use data that can help make informed decisions for energy improvements in residential buildings. The relevant results obtained from this study will be useful for proposing suitable EPUs in homes with similar occupancy profiles. This framework can facilitate informed decision making for the home-owners, home-occupiers, and developers. In particular, the energy upgrades that this study recommends for age groups and the size of a household will be useful for policymakers and utility companies in improving energy conservation policies and associated financial incentives. The framework also provides flexibility to choose between pro-environmental and pro-economic choices of energy upgrades with different occupancy profiles; therefore, accounting for perspectives of different types of investors.

2. Methodology {#sec2}
==============

In this study, a framework is developed to identify the most appropriate energy performance upgrades for new residential buildings with expected occupancy profiles. The framework shown in [Fig. 1](#fig1){ref-type="fig"} has two main phases: (1) Data Collection and (2) Data analysis.Fig. 1Proposed framework of evaluation of upgrades for SFDH.Fig. 1

2.1. Data collection and processing {#sec2.1}
-----------------------------------

The two key sources of data include: (1) literature-based data that was used to identify potential energy upgrades; and (2) data captured from the field monitoring system to create calibrated energy models.

The main sources used for literature were peer-reviewed articles and technical reports related to residential building energy and cost modelling. A thorough literature review was performed for current building energy standards for residential buildings, energy and cost modelling methods, energy monitoring techniques, occupancy profiles, and energy performance upgrades possible for residential buildings. Energy performance upgrades can be categorized into three categories: (1) passive, (2) active and (3) renewable energy upgrades. Passive energy upgrades make use of non-mechanical techniques in order to maintain comfortable indoor temperatures and environment while reducing building energy use ([@bib55]). Improvements in thermal mass, thermal insulation, upgrade of fenestration systems or the use of green roofs are some examples of passive.

Energy systems. Active energy upgrades employ decreasing operational use of energy through the use of a more efficient system and equipment or change in occupant energy usage behavior. Renewable energy upgrades for residential buildings include the use of geothermal heat pumps, roof photovoltaic systems, etc. Multi-criteria decision-making (MCDM) methods available for ranking and prioritization of energy upgrades were also explored. The collected information was used for developing preliminary energy simulation models, calibrating and validating models, analyzing the effects of energy performance upgrade combinations, assessing associated life cycle costs, PBT and GHG emission reductions, and finally prioritizing the most appropriate upgrades for a specific occupancy profile.

The intrusive load monitoring (ILM) method is proposed for collecting energy use data related to the occupancy profile. ILM method monitors energy use through individual devices with sensing monitors distributed within the building ([@bib91]). Contrary to the non-intrusive method, the data obtained from ILM are more accurate and helps generate better energy models. ILM method needs a detailed introduction of thermal, humidity and energy sensors to generate energy use behavior of the residential building's systems and equipment. This method enables high degree calibration of preliminary energy model that generates realistic energy use profile and provide practical solutions for EPU options. The design and installation of energy data monitoring are beyond the scope of this research work and should be designed with consultation of building developers, owners and data monitoring experts.

2.2. Data analysis {#sec2.2}
------------------

### 2.2.1. Energy modelling {#sec2.2.1}

A preliminary energy model was developed to determine the end-use energy demand of the residential building under study. HOT 2000V15.1, a simulation tool developed by CANMET Energy Technology Center was used to generate the model. HOT2000 is tailored for residential buildings in Canada ([@bib77]) and hence ideal for assessing the operational energy use of low-rise residential buildings in Canada. The data needed to generate a standard energy model includes location, house geometry, building envelope characteristics, energy systems, equipment, number of occupants and their hours of occupancy.

HOT2000 is a gray-box program that uses a series of coupled time-dependent steady-state models to determine the energy demands of the house ([@bib59]). This tool uses a modified bin based method and long term monthly weather files for determining the energy performance of the residential buildings ([@bib39]; [@bib83]). In the bin method, the loads of the house are determined by utilizing steady-state models that are based on the assumption that the temperature remains the same within each interval and the loads can be expressed as linear functions of outdoor temperatures ([@bib51]; [@bib84]). HOT2000 divides the house into three energy zones (i.e. attic, main floors and basements) and uses Alberta Air Infiltration Model (AIM2) and Mitalas method to determine the monthly and annual energy loads ([@bib40]). AIM2 model evaluates the infiltration and interaction of wind and stack effects with mechanical ventilation. The infiltration is found by the pressure difference in the windward side of the house and indoors; hence, all the possible openings that can cause infiltration are accounted in the model ([@bib82]). Mitalas method calculates heat losses from the foundation to the soil. It is also capable of accounting the seasonal variation in soil temperature that affects heat losses as well as the impacts of insulation configurations ([@bib39]; [@bib73]). The tool also considers the impact of internal heat gains and solar transfers among the three zones for calculating heating and cooling loads. HOT2000 uses part load factors and on and off cycles to determine the size of the heating system ([@bib40]). The tool tests the energy performance using monthly steps and owing to its steady-state nature cannot be readily used for dynamic simulations such as a change in the solar system and wind energies. Despite its limitation as giving loads in monthly time steps the tool is a good predictor of annual net energy performance and is periodically upgraded and tested with other tools for validation ([@bib73]; [@bib82]).

Calibration is defined as measure of accuracy of BES model and ensures that energy performance gap between simulated and the actual energy use of the building lies within acceptable limits ([@bib88]). The calibration is an inverse approximation method where the values of inputs are changed until output values are approximately similar to actual energy use ([@bib35]; [@bib114]). Three most commonly used guidelines that define benchmarks for calibration are American Society of Heating, Ventilating, and Air Conditioning Engineers (ASHRAE) Guidelines 14 (2014); Federal Energy Management Program (FEMP)([@bib108]); and International Performance Measurement and Verification Protocol ([@bib52]). In addition to calibration benchmarks, FEMP has a systematic measurement and verification framework or M&V Guidelines that define four methodologies (Options A, B,C and D) to help in energy conservation projects ([@bib112]). Among the four methodologies Option D, is suitable for assessing energy savings for whole building through calibration process. However, the assessment of energy savings require monitored data before and after application of the EPUs in building. In absence, of complete data only calibration process can be performed.

FEMP M&V Guidelines, Option D and ASHRAE 14 require two calibration benchmarks to be achieved for acceptable BES. If results exceed these limits, the calibrated model becomes invalid and needs to be recalibrated until the error is within permissible limits. These include Mean Bias Error (MBE) (%) and the Coefficient of Variation of Root Mean Square Error (CV(RMSE)) (%). MBE is a non-dimensional bias measure (i.e., sum of errors), between measured and simulated data for each hour. It captures the mean difference between measured and simulated data points and is considered a good indicator of the overall bias in the model. RMSE index assesses data by capturing offsetting errors between measured and simulated data and does not suffer from the cancellation effect that can come in MBE. Cancellation effect occurs where the positive bias compensates the negative bias, and resulting in erroneous validation. Acceptable tolerance limits for the two benchmarks vary according to the type of calibration,hourly or monthly, and are provided in [Appendix A, Table A1](#appsec1){ref-type="sec"}.

The following steps are involved in performing the calibration process:1)Construction of an initial BES model on HOT2000 based on the engineering drawings, local weather data, occupancy, equipment specifications, and indoor temperatures.2)Adjusting constructed BES model with data obtained from monitoring and making suitable assumptions for unknown parameters.3)Determining MBE and CV(RMSE) values on monthly energy based on results of BES model and actual energy use with Eq. [(1-a)](#fd1_a){ref-type="disp-formula"} and [(1-b)](#fd1_b){ref-type="disp-formula"}. $$MBE\ \left( \% \right) = \frac{\sum_{k = 1}^{N_{p}}\left( m_{k} - s_{k} \right)}{\sum_{k = 1}^{N_{p}}\left( m_{k} \right)}$$ $$\text{C}V\left( RMSE \right)\ \left( \% \right) = \frac{\sqrt{\sum_{k = 1}^{N_{p}}\left( m_{k} - s_{k} \right)^{2}/N_{p}}}{\overline{m}}$$Where, *m* ~*k*~ and *s* ~*k*~ are the respective measured and simulated data points for each model instance '*k*'; *Np* is the number of data points at interval '*p*' (i.e., *N* ~*monthly*~ = 12) and *m* is the average of the measured data points.4)Re-adjustment of the energy model parameters until the results of the benchmark metrics are within acceptable limits of MBE and CV(RMSE) ([@bib7]; [@bib112]).

Calibrated energy models were tested for variation in energy consumption due to changes in energy upgrades. The energy consumptions under upgrades combinations were used to find the change in the carbon footprint of the house and operational costs.

### 2.2.2. Life cycle costing and carbon footprint {#sec2.2.2}

For this study, the Net Present Value (NPV) method was used to determine the lifecycle cost analysis (LCC) for assessing building upgrades. LCC is an economic evaluation technique that determines the costs of the entire life span of a product or process ([@bib110]). Typically, LCC for buildings includes construction, maintenance, repair, replacement and disposal costs ([@bib68]; [@bib95]). Previous studies on residential buildings in Canada have considered a 30-year timeline for building operation ([@bib10]; [@bib44]); therefore, the 30-year operational period was considered appropriate for the proposed framework.

In this study relative life cycle cost model by US Federal Energy Management Program ([@bib33]) was used. Here the $dLCC_{t}$ is the cost difference between life cycle cost (LCC~i~) for a house with energy upgrades and life cycle cost of a reference case (LCC~r~) house. Reference case is a Single-family detached home (SFDH) made according to local code compliance or the status of residential building prior to any upgrades. This cost model does not require costs related to all building components but only the cost differences of the energy components that are being changed ([@bib41]; [@bib43]). Cost differences related to the additional investment, energy bills, maintenance and replacement cost as well as end-of-life cycle costs are considered for $dLCC_{t}$ calculation as indicated by Eq. [(2-b)](#fd2_b){ref-type="disp-formula"}.$$dLCC_{t} = LCC_{i} - LCC_{r}\quad\left( \text{CA\$} \right)$$ $$dLCC_{t} = dC_{c} + dC_{U} + dC_{EOL}\quad\left( \text{CA\$} \right)$$Where, *dLCC* ~*t*~ = difference in total life cycle costs of SFDH with upgrades and base case; *LCC* ~*t*~ = total life cycle costs of house with energy upgrades;$\ LCC_{r}$ = total life cycle costs of reference house; *t* = Study period in years; *dC* ~*C*~ = difference in costs of SFDH with upgrades and base case; *dC* ~*U*~ = difference in costs in the use stage (operational energy use, maintenance, and replacement costs) of SFDH with upgrades and base case; and *dC* ~*EOL*~ = difference in costs of the end-of-life of SFDH with upgrades and base case. The end-of-life cycle costs were considered negligible for determining LCC.

Carbon footprint is defined by the total GHG emissions and usually expressed in units of carbon dioxide equivalent (CO~2~-eq) ([@bib14]). Energy-based GHG reduction is dependent on the grid emission factors and the quantity of energy demand reduced through the application of EPUs. Grid emission factors are dependent upon the source of energy production and will change with the location of the building ([@bib106]). Energy results from the calibrated energy models were used to calculate the long-term GHG impacts of the occupancy profile under the application of EPUs. Eq. [(3)](#fd3){ref-type="disp-formula"} is used to calculate the GHG emissions associated with energy fuel consumption, where the emission factor changes with the type of fuel.$$GHG_{f} = EF_{f} \times F_{f}$$Where, $GHG_{f}$ is greenhouse gas emission rate of fuel *f* consumed (kg CO~2~-e);$\ EF_{f}$ is the emission factor for energy source (natural gas or electricity); while $F_{f}$ is the annual energy consumed for operating the house equipment and systems.

### 2.2.3. Ranking upgrade scenarios {#sec2.2.3}

The selection of suitable EPUs is governed by a number of conflicting parameters that include: energy performance, environmental impacts, economic requirements, regulatory and social aspects ([@bib3]). The decision-maker has to arrive at a compromise among these parameters when selecting the EPUs. Multi-criteria decision-making (MCDM) methods are useful in solving this problem and prioritizing and ranking the most desirable alternatives ([@bib86]). MCDM is capable of treating qualitative and quantitative criteria and to come up with a ranking of alternatives ([@bib29]).

The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) is one of the most well-established multi-criteria methods that is used to test competing alternatives ([@bib47]; [@bib54]). By using the TOPSIS method, the solution nearest to the ideal among competing alternatives is selected. The method has been successfully used in previous studies for selecting the best energy upgrade ([@bib58]; [@bib85]; [@bib109]; [@bib116]). Therefore, the TOPSIS method was considered appropriate to meet the goals of this study.

The following steps are involved in performing the TOPSIS method for this particular framework.1)Construction of the decision matrix and weighting matrices. The decision matrix considered 3 criteria: reduction in GHG emissions (kg CO~2~-e), initial investment (CA\$) and payback period (Years). Weighting matrix is generated by defining five weighting schemes ([Table 1](#tbl1){ref-type="table"} ) representative of investors' preference for pro-environmental or pro-economic investments. In pro-environmental option, more weight is given to the reduction of GHG emissions while for a pro-economic option lowest PBT and Initial capital cost (IC) are given maximum weight.Table 1Criteria weights for different occupant preferences.Table 1Selection CriteriaWeights of Criteria under different preference scenariosPro-EnvironmentalHigher weightage for environmentEqual importanceHigher weightage for economyPro-EconomicGHG emission reduction (kg CO~2~-e)12/31/21/30Capital Investment (IC)01/61/41/31/2Payback Period (PBT)01/61/41/31/22)Normalization of the decision matrix through the conversion of different criteria into non-dimensional values using Eq. [(4)](#fd4){ref-type="disp-formula"}. $${\overline{\text{z}}}_{\text{ij}} = \frac{\text{z}_{\text{ij}}}{\sqrt{\sum_{\text{i} = 1}^{\text{j}}\text{z}_{\text{ij}}^{2}}}; \cdot i = \overline{1,n} \cdot j = \overline{1,m}$$Where, "$\text{z}_{\text{ij}}"$ is an entry in the decision matrix and m represents the total number of rows and n represents the total number of columns.3)Generation of the weighted matrix through multiplication of weights of each criterion with entries in normalized matrix.4)Determination of the best and worst alternatives for each criterion.The best solutions ($\left. \text{V}_{\text{b}}^{+} \right)$for the weighted normalized matrix are selected out of all alternatives: $$\text{V}_{\text{b}}^{+} = \left\lbrack {\text{Max}_{\text{GHG}},\text{Min}_{\text{IC}},\text{Min}_{\text{PBT}},} \right\rbrack$$ The worst solutions ($\left. \text{V}_{\text{b}}^{-} \right)$for the weighted normalized matrix are selected out of all alternatives: $$\text{V}_{\text{b}}^{-} = \left\lbrack {\text{Min}_{\text{GHG}},\text{Max}_{\text{IC}},\text{Max}_{\text{PBT}},} \right\rbrack$$ 5)Calculation of distance from ideal solution using Euclidean distance.

The distance of alternative from the positive ideal was found by using Eq. [(5-a)](#fd5_a){ref-type="disp-formula"} and for negative ideal using Eq. [(5-b)](#fd5_b){ref-type="disp-formula"}.$$\left. \text{d}_{\text{i}}^{+} = \sqrt{\sum\limits_{\text{j} = 1}^{\text{m}}\left( \text{v}_{\text{ij}} - \text{V}_{\text{b}}^{+} \right.} \right)$$ $$\left. \text{d}_{\text{i}}^{-} = \sqrt{\sum\limits_{\text{j} = 1}^{\text{m}}\left( \text{v}_{\text{ij}} - \text{V}_{\text{b}}^{-} \right.} \right)$$

The relative closeness to the ideal solution was found by Eq. [(5-c)](#fd5_c){ref-type="disp-formula"} $$\text{CL}_{\text{i}}^{\text{∗}} = \frac{\text{d}_{\text{i}}^{-}}{\text{d}_{\text{i}}^{-} + \text{d}_{\text{i}}^{+}}$$ 6)Ranking the alternatives based on relative closeness to the ideal solution.

3. Framework implementation {#sec3}
===========================

3.1. Study area {#sec3.1}
---------------

A case study approach is taken to apply and demonstrate the framework using field data obtained from two living laboratory houses located in the Kelowna city, Okanagan Valley (Canada). Although other living laboratories are present in Canada including the Canadian Center for Housing Technology (CCHT) houses in Ottawa ([@bib18]) and the Architype houses near Toronto ([@bib102]), these living labs are the first of their kind in Canada conforming to Okanagan region construction practices.

The two houses are located in one of the fastest growing areas in Canada, the Okanagan Valley. The case study homes were constructed in 2016 and occupied in 2017. These mid-size residences are identical in their architectural design, location, and orientation and are exposed to same external features. However, the two homes vary with respect to the building envelope, heating and cooling systems, and occupancies. The household characteristics for the homes are provided in [Table 2](#tbl2){ref-type="table"} . The construction materials and thermal characteristics obtained from the industrial partners were used to develop the energy model. The geometry and other relevant information of these houses was extracted from the relevant drawings and bills of quantities. The thermal characteristics of specific envelope components and equipment such as HVAC, lighting, and appliances were collected from the manufacturers' specifications.Table 2Household characteristics.Table 2ParameterStandard Home (STH)Advance Tech Home (ATH)Occupancy Profile![](fx1_lrg.gif)2 working adults (aged 35--49) 2 teenagers (aged 15--19)![](fx2_lrg.gif)Retired couple (aged 50--64)  Total area of building (m^2^)291.25291.25Gross floor area (m^2^)249.91249.91Area of walls (m^2^)364.57364.57Area of doors (m^2^)6.606.60Area of windows (m^2^)57.9157.91Space cooling and heating (HVAC)Payne (PG92SCS) 17.58 kWh AFUE 92.1% Natural Gas & Payne (PA14NC) 9.96 kWh 14 SEER Split A/C5 series (500A11) -- Geothermal c/w ECM variable speed blower (Heating 4 COP, Cooling 5.6 COP)Domestic hot water (DHW)Standard DHW system, 227 L, EF 1.901, Electricity-basedGeoSpring™ hybrid electric water heater, 303 L, EF 3.14, Electricity-basedWall-Insulation (WL)USI 0.28 Batt (Eff. USI 0.32)9.525 mm EPS Styrofoam & USI-0.28 Batt (Eff. USI 0.27)Celling- Insulation (RF)USI 0.26 Batt, USI 0.14 blown (Eff. USI 0.14)USI 0.28 Batt, USI 0.11 blown (Eff. USI 0.09)Foundation (FN)USI 0.26 Batt (Eff. USI 0.32)ICF blocks (Eff. USI 0.25)Windows (WN)Vinyl double glazed windows c/w 180 low-EVinyl triple glazed windows c/w 366 low-EAppliances (APP)Standard Appliances:Dishwasher, washer & dryer, fridge, oven and hood fanEnergy-Star Rated Appliances:Hood fan with LED lighting and ultra-quiet blower, dishwasher, heat pump dryer and washer, 5 door fridge, double ovensLighting (LED)Incandescent bulbsLED bulbsSolar (PV)None10 panels (16.3 m^2^) azimuth 15′ and slope 25′

Architectural plans for the homes were identical and represented by in [Fig. 2](#fig2){ref-type="fig"} . The case study homes cover an area of 291.25 m^2^ and consist of two storeys, a main floor and a basement that is partially underground. One house called Standard Home (STH) is built by following the BC building code 2012 ([@bib105]); the house represents typical construction practices in Okanagan Valley and is base case scenario for this study. The other home called Advance Tech Home (ATH) is representative of an energy-efficient home and is constructed with the most energy-efficient materials and systems locally available in Kelowna (Okanagan Valley). In addition to having higher fabric insulation (higher insulation and foundation made of insulated concrete forms- ICF blocks), better performance windows (Vinyl triple glazed windows c/w 366 Low-E), an HVAC system consisting of a geothermal heat source pump and energy star rated appliances, the ATH is supplied with renewable energy from a solar (PV) system installed on the roof.Fig. 2Floor plans of case study homes.Fig. 2

The two houses represent occupancy profiles most common in Canada: (a) a family with dependent children where the parents work full time; and (b) a retired couple who spend most of their time indoors. The two profiles are representative of 52.3% of Canadian private household structures with couples with children (Occupancy Profile 1 for this study) representing 26.5% and couples without children (Occupancy Profile 2 for this study) representing 25.8% ([@bib100]). Canada does not have a mandatory retirement age, though average age of retirement for most Canadians is 63.5 years ([@bib101]). Since it was known that the residents pertaining to Occupancy Profile 2 are retired, the profile is called retired couple for this study.

The STH model has previously been used in the study by [@bib85] for assessing household and transport incentives for clean energy. This study extends the original model by calibration and considering additional EPUs. The detailed monitoring ensures more realistic representation of occupants behavior and savings from energy upgrades. In order to make a comparison between the influence of two occupancy profiles on energy and GHG reduction potential of various EPSs, STH was upgraded with energy upgrades present for ATH while ATH was downgraded with the standard materials, equipment and appliances present in STH.

3.2. Energy monitoring {#sec3.2}
----------------------

An intrusive load monitoring method was employed for determining the energy use by various building components. The living laboratory was installed with temperature, humidity sensors as well as with electricity and natural gas consumption monitors. The system architecture of the data monitoring and acquisition system is shown in [Fig. 3](#fig3){ref-type="fig"} . The real-time data was captured for one-year, and a comprehensive database was developed for evidence-based research.Fig. 3System architecture for the Living Lab.Fig. 3

[Fig. 4](#fig4){ref-type="fig"} shows the energy use pattern for the HVAC systems, minor appliances (including small kitchen appliances such as toaster oven, microwave oven, electric kettle), lighting, domestic hot water (DHW) system, laundry washer, and dryer in two homes. It is observed that the energy used in appliances by the ATH is more despite being more efficient appliances. The presence of a ground source heat pump also indicates a higher use of energy during summer months as compared to a conventional HVAC system. The current research assesses monthly energy use of different systems using average temperature and humidity levels; while daily, weekly and seasonal variation in energy use are not part of this research.Fig. 4Trend of measured energy use in STH (top) and ATH (bottom) graph.Fig. 4

3.3. Energy modelling {#sec3.3}
---------------------

The BC Building Code-2012 and local municipality by-laws were used while designing the base-case models of the two buildings. The energy models for the two homes were generated based on the detailed drawings, local metrological data ([Fig. 5](#fig5){ref-type="fig"} .) and suitable assumptions regarding operation of different appliances and systems. The energy models were constructed using HOT2000 version 11.7b23 ([@bib79]). HOT2000 uses long term weather data in bin method and steady-state models for assessing monthly energy loads ([@bib70]). HOT2000 is used extensively for design and certification of low-rise residential buildings in Canada ([@bib79]).Fig. 5Local annual weather conditions in Kelowna.**Source**(Climate OneBuilding, 2020; [@bib30]):Fig. 5

In order to determine the error in the base case models the monthly energy results of the simulation and monitored energy were compared using MBE and CV(RMSE) metrics ([@bib7]; [@bib112]). Studies have shown that small errors in simulated and measured energy use are due to the simplification done by tools to perform simulation, while larger errors are due to incorrect model inputs ([@bib21]). Initial base models generated large errors between the actual and simulated energy uses. Manual calibration was performed to decrease these discrepancies in the energy results. Manual calibration of energy models has been used by the majority of researchers and involves iterative adjustments until the model is validated for the specified standard ([@bib22]). Multiple trials were done by upgrading the model with field measurements until acceptable errors were obtained. The final calibrated base case models had MBE and CV (RMSE) repectively to be 0.99 and 3.46 for STH and −0.06 and 0.88 for ATH ([Table 3](#tbl3){ref-type="table"} ). It was possible to obtain low errors due to the detailed energy, temperatures and humidity data collected through the intrusive load monitoring technique. The operation parameters for the calibrated models are provided in [Table 4](#tbl4){ref-type="table"} .Table 3MBE amd CV(RMSE) analysis for monthly energy consumption.Table 3HouseMBE (%)[a](#tbl3fna){ref-type="table-fn"}CV (RMSE) (%)[b](#tbl3fnb){ref-type="table-fn"}Standard Home (STH)+0.993.46Advance Tech Home (ATH)- 0.060.88[^1][^2]Table 4Operation parameters for the calibrated models.Table 4Operation parametersStandard Home (STH)Advance Tech Home (ATH)T~heating~ (^0^C)2121T~cooling~ (^0^C)22.6422.64Occupancy Time (% of day at home)5050Electrical Appliances (kWh/day)11.618.65Lighting (kWh/day)2.60.6Hot Water Temperature (^0^C)55.5646.67

The calibrated models were then run for different EPU combinations to determine the variation in annual energy use. A total of 514 simulation runs were performed on the nine EPU options (present in [Table 2](#tbl2){ref-type="table"}). In order to increase the simulation time interaction impact between EPUs combinations was assumed to be negligible. The operational energy consumptions obtained from the aforementioned models upgraded with EPUs were used in the next phases to quantify the GHG emissions, operational costs, and life cycle costs. It should be noted that the comparison between the validated models for the two profiles was not possible based on the calibrated models due to the difference in materials, equipment, and appliances of the two homes. In order to compare the impact of energy upgrades for the two homes with respect to two occupancy profiles, the EPUs were added in STH while energy systems, equipment, and appliances in ATH were downgraded with those present in ATH to find the annual operational energy, GHG emissions and LCC. Hence, it was possible to obtain the impact of occupancy profiles for same energy systems, equipment and appliances.

3.4. Life cycle costing and carbon footprint {#sec3.4}
--------------------------------------------

The initial construction cost of the SFDH base case was estimated using RSMeans residential cost database (RS [@bib69]), market prices of appliances, ASHRAE report on the economic database for green residential buildings ([@bib6]), and data obtained from the Okanagan developers ([@bib8]). The costs obtained from RSMeans and the consultation process were adjusted to give a reasonable estimate of the Kelowna construction costs. The costs of construction were limited to additional investments for building energy upgrades. Costs relating to home insurance, landscaping, furniture, mortgage payment, government incentives for green upgrades were not considered. [Table 5](#tbl5){ref-type="table"} shows the costs associated with different energy upgrades.Table 5Energy upgrades and associated costs.Table 5No.Energy upgradesAbbreviationType of energy upgradesExpected service life (Years)Annual Maintenance as percentage of capital cost (%)Initial cost difference CA\$(*US\$*)Cost of maintenance and replacement (30- year) CA\$(*US\$*)1Appliances[a](#tbl5fna){ref-type="table-fn"}APPActive16.553000 (*2130*)6185 (*4391*)2Domestic hot waterDHWActive1551200 (*852*)2474 (*1757*)3Foundation-ICFFNPassive30+\_[c](#tbl5fnc){ref-type="table-fn"}10,000 (*7100*)0 [c](#tbl5fnc){ref-type="table-fn"}4Space cooling and heating[b](#tbl5fnb){ref-type="table-fn"}HVACActive & Renewable1559000 (*6390*)18,555 (*13,174*)5LightingLEDActive15343 (*31*)47 (*33*)6SolarPVRenewable251.58600 (*6106*)7180 (*5098*)7Roof- InsulationRFPassive30+\_ [c](#tbl5fnc){ref-type="table-fn"}300 (*213*)0 [c](#tbl5fnc){ref-type="table-fn"}8Wall-InsulationWLPassive30+\_ [c](#tbl5fnc){ref-type="table-fn"}1000 (*710*)0 [c](#tbl5fnc){ref-type="table-fn"}9WindowsWNPassive402.812,127 (*8610*)6770 (*4807*)[^3][^4][^5]

The maintenance period for different building systems is used as defined by [@bib57] which varies with different upgrades. Moreover, costs due to the replacement of existing systems, pollution damage and hazard prevention at the rehabilitation process were not considered for this study. Various economic parameters considered for cost analysis are provided in [Table 6](#tbl6){ref-type="table"} . The discount rate of 3% and an inflation rate of 5% were assumed based on the literature ([@bib49]; [@bib99]). The energy costs for the house were calculated using the electricity and natural gas tariff defined by the local utility providers. Accordingly, the cost of electricity was assumed as 9.845CA'/kWh (*7.1*US'/kWh) for the consumption up to 1600 kWh and 15.198 CA'/kWh (*10.90* US'/kWh) for the consumption above 1600 kWh. The cost of natural gas was assumed as 1.141 CA\$/GJ (*0.82* US\$/GJ) ([@bib31]). Additional charges related to electricity and natural gas supply such as customer charge, basic daily charge, delivery charge, storage and fuel transportation charges were also considered in calculation of operational energy in the building life cycle. The details related to natural gas and electricity rates are provided in [Appendix A](#appsec1){ref-type="sec"}, [Tables A2 and A3](#appsec1){ref-type="sec"}.Table 6Economic parameters.Table 6ParameterValueDiscount rate3%[a](#tbl6fna){ref-type="table-fn"}Inflation rate5% [a](#tbl6fna){ref-type="table-fn"}Life Period30-year[b](#tbl6fnb){ref-type="table-fn"}Cost of Electricity9.845 CA¢/kWh (*7.1* US¢/kWh) ≤ 1600 kWh/month[c](#tbl6fnc){ref-type="table-fn"} and 15.198 CA ¢/kWh (*10.90* US¢/kWh) \> 1600 kWh month[c](#tbl6fnc){ref-type="table-fn"}Cost of Natural Gas1.141 CA\$/GJ[d](#tbl6fnd){ref-type="table-fn"} (*0.81* US\$/GJ)[^6][^7][^8][^9]

Total GHG emissions of a residential building depend on the supply energy mix and the energy consumption of the residential activities. In Canada, the emission factors vary with the primary energy sources ([@bib56]). Unlike other provinces in Canada, BC has a low-emission electricity supply since the major portion of the grid electricity is hydro-based ([@bib74]). Electricity emission factor is 2.80 kgCO~2~-eq./GJ whereas the emission factor of natural gas is 65.75 kgCO~2~-eq./GJ ([@bib12]).

4. Results and discussion {#sec4}
=========================

The above-described framework was used to assess the variation in annual operational energy, GHG emissions and life cycle costs associated with the application of EPUs in a single-family detached house under two different occupancy profiles. Since the operational life cycle period of 30-year was considered according to generic amorization period for residential buildings ([@bib121]), only EPUs that had PBT of 30-year or less were considered for comparison and ranking. The EPUs were than ranked with respect to five scenarios representing the priority of the investor. The results of the application of the framework for the two residential occupancies are presented in this section.

4.1. Occupancy profile 1 {#sec4.1}
------------------------

Occupancy Profile 1 comprised of four family members including two working adults and 2 school-going children. EPUs that fulfilled the PBT limit of 30-year or less with respect to the energy savings (<https://www-sciencedirect-com.ezproxy.library.ubc.ca/science/article/pii/S0959652619344336>, [Appendix B](#appsec1){ref-type="sec"}, Supplementary data), GHG emissions reduction and PBT are discussed in this section.

### 4.1.1. Annual operational energy {#sec4.1.1}

[Fig. 6](#fig6){ref-type="fig"} depicts the energy savings possible with respect to the selected upgrades for Occupancy Profile 1. These EPUs have been distributed into four groups with respect to percentage energy savings to the initial energy use (119.33 GJ/year) of the Occupancy Profile 1. The majority of the EPUs with PBT of 30-year provide energy savings in the range 0--20%. As expected, the upgrades yield more savings in combinations and only four upgrades LED, RF, DHW, and PV give reasonable savings. From the chart, it can be seen that by far the greatest energy savings are up to 71% for the combination "RF WL LED HVAC DHW PV". Among the passive energy upgrades, wall (WL) and roof (RF) insulations yielded savings in the majority of the combinations, while among the active systems, domestic hot water (DHW) was determined to have high-energy benefits. HVAC energy upgrade yielded more than 50% in operational energy savings; however, the system had a high initial cost that increased its PBT (beyond 30-year) and made this upgrade financially unfeasible.Fig. 6Reduction in annual energy demand (GJ) with energy upgrades for tested Occupancy Profile 1.Fig. 6

### 4.1.2. Payback period and carbon footprint {#sec4.1.2}

[Fig. 7](#fig7){ref-type="fig"} shows the relationship between the extra initial expenditure and PBT and reduction in GHG for the 47 shortlisted energy upgrades. Three main clusters of energy upgrades associated with initial expenditure and PBT can be clearly identified from this figure. It was observed that for investments below CA\$ 5,000, the PBT are all less than 15 years. This kind of investment will be suitable for most owner-occupants since the average tenure calculated for homeowners in North America is 8-year ([@bib42]). The cluster in the middle shows options of energy upgrades when the extra expenditure ranges between CA\$ 8,600 to 12,000. It was observed that some of the energy upgrades that have the potential for decreasing GHG emissions beyond kgCO~2~-eq have a high PBT of up to 30-years. The energy upgrades were also seen to offer more GHG reduction in combinations as compared to individual upgrade; for instance, energy upgrade combination "RF WL LED HVAC DHW" provides about 200% more GHG reduction than PV systems alone. For the investment between CA\$ 17,000 to 22,000, the majority of the energy combinations provide high reductions in GHG emissions. Since the budget required for these upgrades is high, financial help in the form of financial incentives from the government or utility providers would be needed to make these energy upgrades desirable for the users.Fig. 7Bubble chart for Occupancy Profile 1 with details of IC, PBT and GHG emission reduction associated with energy upgrades.Fig. 7

### 4.1.3. TOPSIS results {#sec4.1.3}

In order to rank the energy upgrade for each profile decision matrix composed of initial cost investment, the PBT and GHG emissions were constructed. [Fig. 8](#fig8){ref-type="fig"} and [Table 7](#tbl7){ref-type="table"} show results of the first ten highest ranked energy upgrades. It is seen for among the given scenarios the choices foe pro-economic scenario shows highest variation in GHG emission reduction, IC and PBT. According to [Table 7](#tbl7){ref-type="table"}, as the decision-maker preference changes from pro-environment towards pro-economic, lesser energy upgrades are used. Roof insulation (RF), wall insulation (WL), lighting upgrade (LED) and upgrade of the domestic hot water system (DHW) are the only upgrades that were found in the list of top ten energy upgrades for the five user preferences. It is interesting to note that for a family of four, the DHW forms part of EPUs combinations under all scenarios. Water heating in Canadian homes accounts for 20% of the energy consumed and also accounts for a large portion of residential carbon footprint ([@bib2]). A family of four is likely to spend more hot water in showering and bathing; hence are able to get more benefits by using a more efficient water heating system.Fig. 8Comparison between different scenarios- Occupancy Profile 1.Fig. 8Table 7Occupancy Profile 1: Ranking for energy upgrade for decision maker preferences.Table 7

[Table 7](#tbl7){ref-type="table"} also shows that the upgraded HVAC system forms part of the majority of the EPU combinations. The upgraded HVAC has a ground source heat pump and is known to bring a number of technical, environmental and socio-economic benefits ([@bib117]); however, the initial investments for this system are high and show a long PBT unless some external financial incentives are present. Hence it is not surprising that this upgrade did not form part of the top ten pro-economic choices. Contrary to the HVAC upgrade, the LED is a very cost-effective EPU and forms part of a suitable energy upgrade choice. Solar photovoltaic (PV) system installation is another renewable option that was tested for case studies. Though the costs of PV system have decreased substantially over the past decade the PV was not part of scenario-5 choice. However, the electricity costs are rising over the past decade; for instance, electricity rates in Ontario (Canada) have risen by 7.7% ([@bib119]). This implies that the use of PV upgrades may soon become a pro-economic in addition to pro-environment choice. In addition, three energy upgrades that did not form part of top-ranked combinations in any of the five preference scenarios were windows (WN), ICF foundation wall (FN) and appliances (APP). All these options required large expenditure and the associated GHG reduction were not significant to form part of the top pro-environment related choices. Hence, for a typical family of four, the energy upgrades that need to be emphasized are DHW, HVAC, LED, PV, WL and RF.

4.2. Occupancy profile 2 {#sec4.2}
------------------------

Occupancy Profile 2 comprised of a retired couple who spend most of their time at home. In this section, EPUs that fulfilled the PBT limit of 30-year or less are discussed with respect to the energy savings (<https://www-sciencedirect-com.ezproxy.library.ubc.ca/science/article/pii/S0959652619344336>, [Appendix B](#appsec1){ref-type="sec"}, Supplementary data), GHG emission reduction and PBT.

### 4.2.1. Annual operational energy {#sec4.2.1}

[Fig. 9](#fig9){ref-type="fig"} depicts the energy savings possible with respect to the selected upgrades for Occupancy Profile 2. Similar to energy savings groups made for occupancy the selected EPUs were grouped into four categories based on their energy saving potential with respect to a base case annual energy 105.62 GJ/yr. It can be seen from [Fig. 9](#fig9){ref-type="fig"} that the filtered EPUs for the retired couple give significantly more savings for similar EPUs than those for Occupancy Profile 1 EPUs. The majority of EPU give energy savings in the range of 21--39%. The highest savings of 71% are observed for the combination "WL LED HVAC DHW PV". Similar to Occupancy Profile 1, WL and RF insulations yielded the highest savings among the passive systems, and DHW gave savings among the active systems.Fig. 9Reduction in annual energy demand (GJ) with energy upgrades for tested Occupancy Profile 2.Fig. 9

### 4.2.2. Payback period and carbon footprint {#sec4.2.2}

Occupancy Profile 2 is depicted in energy use under different energy upgrades for the stay at home retired couple. The initial costs, PBT and GHG emissions for feasible energy upgrade options for Occupancy Profile 2 are shown in [Fig. 10](#fig10){ref-type="fig"} . Similar to Occupancy Profile 1, energy upgrades can be seen as clusters between expenditure and PBT. However, a clear contrast between the two profiles is a very low GHG reduction (less than 100 kgCO~2~-eq) associated with the majority of the upgrades. Hence, it is indicated that the energy use by Occupancy Profile 2 is significantly different from Occupancy Profile 1 and offers few options to reach the same level of GHG reduction targets. Highest reduction potential for Occupancy Profile 2 for the case study was found for the combination "RF WL LED HVAC DHW PV". It is observed that for this profile higher investment of up to CA\$ 11,000 is not significantly decreasing GHG emissions. Therefore, for Occupancy Profile 2 in order to achieve high reduction targets needed to achieve sustainable buildings will require external help from the government and other organizations. This is significant since the majority of the studies have shown senior residents often own bigger houses and usually have a low-income source ([@bib115]).Fig. 10Bubble chart for Occupancy Profile 2 with details of IC, PBT and GHG emission reduction associated with energy upgrades.Fig. 10

### 4.2.3. TOPSIS results {#sec4.2.3}

[Table 8](#tbl8){ref-type="table"} shows ranking for the top ten upgrade choices for the house with the retired couple defined by Occupancy Profile 2. Similar to the trends shown for Occupancy Profile 1, more energy upgrades are needed for a greater reduction in GHG emissions. It is seen that single EPUs form part of highest ranked EPUs for Occupancy Profile 2. It is noted from [Fig. 11](#fig11){ref-type="fig"} that the shortlisted upgrades do not achieve the same level of GHG mitigation as achieved for Occupancy Profile 1 EPUs in [Fig. 8.](#fig8){ref-type="fig"} Table 8Occupancy Profile 2: Ranking for energy upgrade for decision maker preferences.Table 8Fig. 11Comparison between different scenarios- Occupancy Profile 2.Fig. 11

Interestingly, the WN upgrade forms part of the top ten choices of energy upgrades. These findings imply that a larger expenditure is needed for achieving meaningful GHG reduction. Some studies have also shown that the older occupants belong to the low-income group. Therefore increased energy use accompanied by higher initial investment and longer PBT needs to be addressed by utilities and government. Some utilities in Canada are already offering incentives for increasing the energy efficiency of homes occupied by senior citizens. However, more extensive and tailored incentives for this age group are still needed.

4.3. Discussion {#sec4.3}
---------------

The above results demonstrate the suitability of different EPUs with respect to occupancy profile and investor's priority. It is observed that low-cost energy upgrades have a higher potential for energy savings for Occupancy Profile 2. However, combinations of high-cost EPUs provide greater energy saving and GHG emission reduction potential for Occupancy Profile 1 as compared to Occupancy Profile 2. This finding validates simulated results found by [@bib71] who observed higher savings for houses with four occupants compared to working and retired couple profiles. This higher energy savings for Occupancy Profile 1 can be attributed to a higher number of occupants. [@bib25] work on different occupancy profiles also showed that as a house becomes more efficient the internal heat gains from occupants play an important role in decreasing heating energy demand. Higher savings are observed for Occupancy Profile 1 since space heating is still the predominant end use energy (64%) in residential buildings of Canada ([@bib78]).

Among EPUs, wall and roof insulations were suitable low-cost options and formed part of a number of combinations with PBT of 30-year ([Figs. 7](#fig7){ref-type="fig"} and [10](#fig10){ref-type="fig"}). Studies agree that the improvement of building envelopes through higher insulation is a useful energy reduction strategy. [@bib63] investigated the impacts of occupancy profiles on the UK households through BES based on literature. In contrast, the results of this research are drawn from field data and provide insights on selecting EPUs for Canadian households which can be extended to other similar locations and population groups.

In current framework, one-year monitored data was used for calibrating the energy models. In the absence of monitored data, energy models can be calibrated using house characteristics, annual data on monthly utility bills coupled with a questionnaire survey for more accuracy. When only utility data is used for calibration at least three-year monthly utility data is recommended to be used to ensure average energy use per month is correct ([@bib46]). The results of calibration from either monitored data or utility bills can be reasonably representative of the occupancy profile energy use. However, model generated using utility data is unable to predict performance accuracy for individual systems and equipment. It is therefore recommended to assess the occupant behavior, occupancy times on weekdays and weekends, indoor temperature settings in order to remove possible errors. Hence, the proposed framework can be modified to include energy models calibrated through a survey of occupants and the monthly energy bills to determine suitable EPUs.

### 4.3.1. Investor preference {#sec4.3.1}

This study did not find a significant difference between the energy upgrade for the pro-economic preference for the two profiles. However, changes in both ranking order and the type and number of energy upgrades vary with the pro-environment preference. This finding has important implications for developing tailored energy audit and energy saving incentives programs. Currently, energy audit and energy saving incentives programs by government and utility providers are designed on the basis that cost-effectiveness is the sole criteria for EPU selection ([@bib50]). Since a visible difference is present between the ranking of energy upgrades from pro-environment to pro-economic there is need to consider factors influencing the investors' decisions. Future research should collect the investor's preferences through a questionnaire survey. This will help both the home dwellers assess the most feasible energy upgrades according to their criteria and the policymakers for designing effective energy policies.

### 4.3.2. Occupancy profile {#sec4.3.2}

The results from these case studies are important, as they are representative of energy use based on actual occupancy profiles. The differences in the EPUs ranked for the two profiles show there is a need to incorporate the type of occupancy and the preference of owner-investors in selecting EPU. Occupancy Profile 2 represented retired couple (aged between 50 and 64) that accounted for about 21% of Canada's national population ([@bib34]). It is predicted that size of this age group will keep on increasing accompanied with smaller household sizes (single or couples). Furthermore, the occupancy patterns of the retired couple are similar for other demographic groups such as people that are working from home, jobless, or homebound due to disability ([@bib63]). Hence, it is imperative that future energy policies and incentives for energy-efficient buildings are designed accordingly. The study results can be applied to other countries having similar occupancy behaviors as Canada such as the US and UK ([@bib92]). The framework can be applied in other countries of the world through the update of local weather conditions, local terrain, types of home dwellers and socio-economic conditions.

The findings of this study are restricted to two occupancy profiles that represent only 52.3% of the Canadian private households. According to Statistics Canada (2017), private households are divided into 7 occupancy profiles:(1) Couples with children (Occupancy Profile 1 for this study) (26.5%), (2) Couples without children (Occupancy Profile 2 for this study) (25.8%), (3) Lone parents (8.9%) (4) Multi-generational households (2.9%), (5) One-person households (28.2%), (6) Households with two or more persons (4.1%) and (7) Other households. Therefore, caution is recommended when applying the results of this study to houses with different occupancy profiles. The type of occupancy profile will affect the amount of energy savings associated with EPUs as well as the priority of stakeholders related to investment in energy upgrades. For example, [@bib87] showed that single and senior occupants have a low willingness to invest in energy savings. Similarly, high--income residents consume more energy than low-income earners but are also willing to pay more for energy investments ([@bib36]; [@bib87]).

### 4.3.3. Financial incentives {#sec4.3.3}

Financial incentives in form rebates, subsidies, grants are offered to promote the residential building energy upgrades and form a major part of energy policies ([@bib81]; [@bib107]). These incentives reduce financial risks for investors and help in meeting carbon mitigation goals. A number of financial incentives are also present in British Columbia and other regions of Canada through government and private organizations ([@bib80]). The largest financial incentives are present in the form of rebates offered by local utility providers. Currently, these rebate incentives are available for various household appliances, water heater, heating equipment and insulation ([@bib32]). These incentives were not considered in the life cycle cost analysis, as incentives are subject to change over time as new energy policies and building energy codes are implemented. The inclusion of these and other government incentives (for a specific time period) will reduce the LCC and change the ranking of the EPUs options for the two occupancy profiles.

### 4.3.4. Other factors impacting EPUs ranking {#sec4.3.4}

In addition to the occupancy profile other factors can also influence the selection of optimal energy upgrades. For instance the carbon footprint of the energy mix in British Columbia is very low compared to the other regions of Canada ([@bib30]). Therefore, the GHG emission reduction potential for energy upgrades will be higher for regions with energy generation based on fossil fuels. Another factor effecting ranking of energy upgrades will be the typology of the house. The energy consumption and the expenditure involved in the installation of the energy upgrades will vary with the type (detached, semi-detached and terraced) of residence ([@bib115]). In the current study, single-family detached homes of medium size were considered for framework demonstration. [@bib11] study indicates the energy demand and carbon emissions per covered area from large houses is less compared to smaller residences. Compared to large single-family detached homes, multi-unit residential buildings have higher operational energy requirement per unit area. Furthermore, the operation and maintenance cost of apartments are high ([@bib72]). The selection of EPUs for multi-unit residential buildings may also be impacted by a commonly observed split-incentive problem due to uneven cost and benefits distribution between the building owners and renters ([@bib65]). Considering the impact of these factors it is suggested the influence of these factors is not ignored for selection and ranking of EPUs.

### 4.3.5. Future directions {#sec4.3.5}

The existing research can be extended in several directions. Uncertainties involved in the interest rates and future energy prices are an important area of research. Costs of low-emission and renewable systems will be expected to decrease as new equipment and technologies are developed. Hence, the occupants will have more choices of EPUs for making energy-efficient homes and rankings for occupancy profiles will change. Climate change is another important factor that will affect the selection of EPUs in the near future. A recent report by Canada's Changing Climate Report indicates Canada's temperature is rising at rates twice compared to the other regions of the world ([@bib15]); hence, the cooling load demands of buildings will increase over time. Therefore, future studies should consider the impact of climate change on the EPUs selection for residential buildings.

Another area of research that needs to be addressed urgently is the impact of COVID-19 pandemic on occupant behavior and the relevant EPUs for increased occupancy periods at home. Energy use in residential buildings has increased as people spend the majority of their time at home as an intervention measure ([@bib45]). As a result of this pandemic, homes have been transformed into mixed-use spaces where home-schooling, office work, recreational activities, and social interaction has become a norm. Similarly, the percentage of remote or home workers had been steadily increasing in Canada and other countries of the world even in pre-pandemic conditions. Since these trends are predicted to increase over time their influence on energy use and energy upgrades needs to be considered in decsion making.

As the next phase of this study, data collected through the load monitoring method will be further analyzed to extract the occupancy patterns for various daily and weekly activities (e.g. sleeping, cooking, dishwashing, laundry, away from home); considering seasonal variations and estimate their impact on energy use and GHG emissions in different types of houses (e.g. semi-detached home, town-house) and/or building characteristics (e.g. envelope, heating and cooling systems). The same occupancy patterns can be used to predict the future study will also use the two profiles to test the effectiveness and efficiency of the existing incentives for achieving energy reduction and GHG emission reduction targets.

5. Conclusions {#sec5}
==============

Residential buildings are responsible for a significant portion of carbon emissions that need to be addressed in order to meet carbon mitigation targets. Studies have shown that energy performance upgrades (EPUs) can help in this regard. However, the impacts of EPUs on a residential building, energy, carbon and cost-effectiveness are significantly influenced by occupant behavior. Limited studies have explored the influence of occupant behavior for the selection of EPUs. The purpose of this research is to provide a framework that is able to assess the effect of occupancy profile on the selection of the most suitable EPUs. Towards this end, a two-step decision support framework is developed that provides direction for comprehensive data collection, development of calibrated energy models, assessment of operational energy, cost and carbon emissions due to EPUs and finally enables prioritization through the use of TOPSIS method.

The application of the proposed framework is demonstrated through comparison between the EPUs needed for two most common energy occupancy profiles in Canada: a family of two working adults and dependent teenagers and a stay at home retired couple. The study utilizes energy data collected from intrusive load monitoring method to generate calibrated energy models. Calibrated models were tested impacts of EPUs on GHG emissions and payback period. The results showed that for same energy upgrades a family of four is capable of reducing GHG emissions at a higher rate compared to a retired couple. Prioritization for family of four showed that for a pro-environment preference the best option was a combination of "RF WL HVAC DHW PV", while for pro-economic the best option was efficient lighting upgrades. For the retired couple, the best option for pro-environment preference was a combination of "RF WL LED HVAC DHW PV" while for pro-economic choice the efficient lighting upgrades were the best option same as for the family of four. The worst performing upgrade for Occupancy Profile 1 was "RF LED" for pro-environmental behavior while "RF LED HVAC PV" for pro-economic behavior. In the same vein, for Occupancy Profile 2 "LED" was worse performing for a pro-environmental behavior while "RF WL LED APP PV" for pro-economic choice. Hence, it can be concluded that choices of EPUs are limited and similar for different occupancy profiles when pro-economic is the sole criterion for energy upgrade selection while these choices change both in number and rank whendecision makers move towards a pro-environmentalcriterion.

Despite the flexibility of the framework to cater to different occupancy profiles and preferences of investors, the impact of available financial incentives and change of energy prices was not considered. Similarly, the life cycle environmental impacts of energy upgrades are not part of the framework. As buildings become more energy-efficient and construction of net-zero and passive houses become more common, life cycle environmental impacts will become a critical decision making factor. It is recommended that future research especially that focusing on high energy performance houses should consider these factors for prioritization of energy upgrades. The framework is applicable to all kinds of occupancy profiles and can be updated with location and occupancy data. The new understandings from this study can be used for community-level residential building planning. This unique framework can assist developers, planners, potential owners, and practitioners in developing single-family detached houses for retired communities, typical urban communities in Canada and other developed countries.
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[^1]: Acceptance limits: MBE (monthly) ≤+5% ([@bib7]; [@bib112]).

[^2]: Acceptance limits: CV (RMSE) (monthly) ≤+15% ([@bib7]; [@bib112]).

[^3]: Appliances include kitchen (dishwasher, exhaust hood, stove and oven) and laundry appliances (dryer and clothes washer).

[^4]: HVAC systems upgrade was considered to be ground source heat pump that serves part of both heating and cooling systems of the house and involves use of electricity for running pumps and renewable energy.

[^5]: Maintenance and replacement of Wall-insulation, Ceiling insulation and ICF foundation is beyond the study period of 30-year.

[^6]: Discount and inflation rates are in accordance with (International Monetary Fund, 2016; [@bib99]).

[^7]: Life period of 30-year is adopted in accordance with amortization period for Canadian homes (CMHC, 2019)

[^8]: Electricity tier rates based on FortisBC rates ([@bib31]).

[^9]: Natural gas rates based on FortisBC rates ([@bib31]).
